Mantle cell lymphoma (MCL) is characterized by the chromosomal translocation t(11;14), which involves rearrangement of the bcl-1 proto-oncogene to the immunoglobulin heavy chain gene and results in overexpression of cyclin D1 mRNA. In this study, we evaluated the diagnostic relevance of three methods that may be helpful in the diagnosis of MCL: in situ hybridization (ISH) and a stringent reverse transcriptase-polymerase chain reaction (RT-PCR) protocol for cyclin D1 mRNA, and immunohistochemistry for cyclin D1 protein. The study group included 37 paraffin-embedded specimens (25 from lymph nodes and 12 from extranodal tissues) from 30 patients. MCL diagnosis was performed according to the Revised European-American Classification of Lymphoid Neoplasms. Twenty-nine patients with non-MCL lymphoproliferative disorders comprised the control group. Biotin-labeled ISH was performed in 28 cases of MCL, 24 (86%) of which were found to be positive. As shown by ISH in extranodal tissues, cyclin D1 mRNA was present not only in neoplastic lymphoid cells, but in other cell types as well. For this reason, RT-PCR results were considered reliable for MCL diagnosis only on informative material (from tissues that do not normally express cyclin D1); this method was evaluated as positive in 16 of 18 (89%) MCL cases. Cyclin D1 immunopositivity was present in 20 of 29 (69%) MCL cases. No members of the control group were found to express cyclin D1 mRNA by either ISH or RT-PCR under the stringent conditions used. In conclusion, stringent RT-PCR for cyclin D1 expression can be helpful in MCL diagnosis in paraffin-embedded material from lymph nodes. ISH is a sensitive method for cyclin D1 mRNA detection; its sensitivity is superior to that of cyclin D1 immunohistochemistry and similar to that of the stringent RT-PCR used. ISH is very specific as well, clearly more specific than RT-PCR, because it allows the correlation of molecular findings with morphology. This method can be applied on all types of paraffin-embedded tissues and provides an accurate tool for MCL diagnosis.
Mantle cell lymphoma (MCL), previously known as centrocytic lymphoma, has been recognized as a distinct clinicopathologic entity since 1982 (1) and represents 3 to 9% of all non-Hodgkin lymphomas in Western countries (2) . In addition to affecting the lymph nodes, this neoplasm may affect the gastrointestinal tract, spleen, bone marrow, and, less frequently, the pharynx and the skin. MCL cells in peripheral blood may mimic chronic lymphocytic leukemia (3) . Because MCL has a more aggressive course than low-grade lymphomas of B-cell origin, accurate diagnosis of this neoplasm is of great clinical importance (4, 5) .
When histologic sections are examined, MCL is found to exhibit a relatively monotonous neoplastic cell population, composed either of medium-sized lymphoid cells with cleaved nuclei (centrocytoid type), or of larger cells with more cytoplasm, round to oval nuclei with coarsely dispersed chromatin, and a high mitotic rate (blastoid type). The histologic differential diagnosis of MCL of centrocytoid type includes several low-grade lymphoproliferative disorders, such as B-cell chronic lymphocytic leukemia (B-CLL), marginal zone lymphoma (MZL), and MALT-type lymphoma, whereas in cases of the blastoid type, the possibility of lymphoblastic lymphoma must be ruled out. Specific morphologic, immunohistochemical, and molecular markers for the accurate diagnosis of MCL have been outlined in the Revised European-American Classification of Lymphoid Neoplasms (6) and have been included in the recent lymphoma classification of the World Health Organization (7) .
The chromosomal translocation t(11;14)(q13; q32), which is the characteristic molecular alteration of MCL, brings the bcl-1 (PRAD-1) gene close to the immunoglobulin heavy chain gene on chromosome 14 and results in overexpression of cyclin D1, a cell cycle regulator.
This translocation has been identified in 60 to 70% of MCL cases by karyotypic analysis or Southern blot (8 -11) and in 95% of cases by fluorescence in situ hybridization (ISH) performed on frozen tissues or intact cells (12) . However, the sensitivity of these methods in paraffin-embedded material is very low; instead, polymerase chain reaction (PCR)-based methods (13) are more sensitive. The incidence of t (11;14) in neoplastic lymphoid disorders other than MCL is fairly low (14, 15) .
By a reverse transcriptase-PCR (RT-PCR) assay on paraffin-embedded material, Ives Aguilera et al. (16) have recently demonstrated the presence of cyclin D1 mRNA in 95% of MCL, but also in a high percentage of various other lymphoproliferative disorders, such as MZL, hairy cell leukemia, multiple myeloma, and prolymphocytic leukemia (16, 17) . Similar rates of cyclin D1 expression were found by competitive RT-PCR in frozen tissues of MCL and other B-cell lymphomas (18) , verifying the results of earlier studies utilizing Northern blot (19) and ISH (20) , but questioning the specificity of RT-PCR for MCL diagnosis.
The aim of our study was to evaluate the usefulness of the presently available molecular methods for MCL diagnosis in everyday pathology practice. We used paraffin-embedded material for ISH and RT-PCR for cyclin D1 mRNA; we also performed immunohistochemistry for cyclin D1, as well as nested PCR for the detection of t (11;14) .
MATERIALS AND METHODS

Tissue Specimens
The consultation files of our department were searched for cases of MCL. Thirty-seven paraffinembedded specimens from 30 patients were found and used in the present study. These included 24 samples from lymph nodes, 3 bone marrow biopsies, and 10 extranodal tissues (spleen, n ϭ 1; stomach, n ϭ 3; small intestine, n ϭ 1; liver, n ϭ 1; skin, n ϭ 1; palate, n ϭ 1; nasopharynx, n ϭ 2) ( Table 1) . MCL diagnosis was based on the criteria of the Revised European-American Classification of Lymphoid Neoplasms. At histologic examination, the tissues were infiltrated, either focally or diffusely, by a monotonous neoplastic population of mediumsized lymphoid cells with cleaved nuclei (Fig. 1A,  B) . Twenty cases were identified as MCL of centrocytoid type and 10 as MCL of blastoid type. The immunohistochemical profile of the neoplastic cells included positive staining for the antigens CD20 and CD45RA, and negative staining for CD3, CD45RO, CD23, CD34, and TdT. CD5 antigen was also included in the immunohistochemistry (IHC) panel, because this antigen is known to be expressed in the majority of cases of MCL.
In addition, a control group of 29 selected cases of non-Hodgkin lymphoma was created for the purpose of determining the specificity of the findings. This group included 10 cases of B-CLL (lymph node, n ϭ 7; bone marrow, n ϭ 3), 5 cases of MZL (lymph node, n ϭ 1; spleen, n ϭ 2; bone marrow, n ϭ 2), 4 cases of MALT-type lymphoma (lymph node, n ϭ 1; gastric biopsy, n ϭ 2; bone marrow, n ϭ 1), 4 cases of lymphoblastic lymphoma with lymph node involvement, and 3 bone marrow biopsies with hairy cell leukemia ( Table 2 ). These cases were selected because they represent disorders that are often difficult to differentiate from MCL on the basis of histologic and immunohistochemical features. In particular, the cases of hairy cell leukemia were included because of the occasional positivity of this disorder for cyclin D1 protein (21) . Three normal bone marrow specimens were included in the control group as well.
ISH for Cyclin D1 mRNA Four-micron-thick paraffin sections were placed on positively charged slides and incubated overnight at 57°C. For hybridization, the Super Sensitive mRNA Detection System (Biogenex, San Ramon, CA) and an oligonucleotide cyclin D1, biotinlabeled probe (Biogenex) were used. Minor modifications to the manufacturer's protocol were applied, such as shortening of the proteolysis incubation time (15 min) and increasing the posthybridization washing temperature (54°C). The addition of levamizole was necessary to quench the endogenous alkaline phosphatase activity, which is expressed at high level in bone marrow neutrophils. The chromogen used was BCIP/NBT (Biogenex). "Poly-A" (Biogenex) was used as a positive control for the demonstration of mRNA on parallel sections. Sections with gastrointestinal epithelium, which normally expresses cyclin D1, were used as a positive control.
RNA Extraction and RT-PCR for Cyclin D1 mRNA
Eight-to 10-m-thick paraffin sections were incubated overnight in a digestion buffer (10 mM NaCl, 50 mM Tris-HCl, pH 7.4, 20 mM ethylene diamine tetra-acetic acid, and 1% sodium dodecyl sulfate) at 55°C. RNA was extracted from the completely digested tissue by use of TRIZOL-LS (Gibco), according to the manufacturer's instructions; where needed, 0.5 microl glycogen (BoehringerMannheim, Indianapolis, IN) were added as an RNA carrier during the first step of the method. For first-strand synthesis, half of the extracted RNA was labeled with random hexamers at 70°C for 10 minutes. Reverse transcription was performed with Superscript II (Gibco) at 42°C for 50 minutes, followed by incubation at 70°C for 15 minutes. Finally, any unused hexamers were removed with RNase H (Ambion, Austin, TX). The primers used to amplify the cyclin D1 transcript are shown in Table 3 . The cycling conditions were as follows: 94°C for 30 seconds; 59°C for 30 seconds; and 72°C for 1 minute for 30 and 35 cycles. As a control for the RNA and cDNA quality, amplification of a glyceraldehyde phosphate dehydrogenase transcript was used. Samples lacking the amplified glyceraldehyde phosphate dehydrogenase product were not further processed for cyclin D1 PCR.
IHC
The staining conditions for the monoclonal antibodies CD20, CD45RA, CD3, CD45RO, CD23, CD34, TdT, and CD5 are shown in Table 4 . IHC for cyclin D1 was performed on 3-to 4-m-thick paraffin sections with a standard streptavidin-biotin method (22) . The sections were placed on positively charged slides. A heat-induced epitope retrieval method was used before immunostaining-that is, sections were placed in 0.01 M sodium citrate buffer at pH 6.0 and heated in a microwave oven for 10, 9, and 5 minutes. The antibodies to cyclin D1 were purchased from Novocastra Laboratories (Newcastle, England). Reactivity was detected by a StrepABComplex/HRP system employing 3',3'-diaminobenzidine-tetrahydrochloride dihydrate as chromogen (DAKO, Carpinteria, CA). Positive immunostaining was considered to be present when the majority (Ͼ50%) of the nuclei of neoplastic cells appeared positive, even if the stain was faint. Cytoplas- 
B-CLL, B-cell chronic lymphocytic leukemia; BMB, bone marrow biopsy; HCL, hairy cell leukemia; LBL, lymphoblastic lymphoma; LN, lymph node; MALT, MALT type lymphoma; MZL, marginal zone lymphoma; N, negative; P, positive.
a The number of specimens is the same as the number of patients. mic staining was not considered to represent evidence of immunopositivity.
DNA Extraction and Nested PCR for t(11;14)
DNA extraction was performed from six to eight 10-m-thick paraffin sections with the QIAamp DNA mini kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. A nested PCR protocol was employed that used the primers shown in Table 3 , as reported by Lasota et al. (13) . The cycling conditions were as follows: 94°C for 3 minutes, (94°C for 30 s, 59°C for 1 min, 72°C for 1 min) ϫ 30, and 72°C for 7 minutes. Amplification of a c-erbB-2 gene sequence was used as DNA quality control. Samples negative for the c-erbB-2 product were not further processed for the nested PCR protocol. Specificity of the nested PCR products was confirmed by DNA sequencing.
RESULTS
The data obtained by the methods evaluated are presented in Tables 5 and 6 . ISH was performed in 33 specimens from 28 patients in the study group; 24 (86%) were positive for cyclin D1 mRNA. Positivity was evident as strong blue perinuclear staining of the neoplastic lymphoid cells (Fig. 2A) . In the extranodal cases involving epithelial tissues, such as stomach, intestine, and skin, basally located epithelial cells were also strongly positive for cyclin D1 mRNA (Fig. 2B) . Occasional hepatocytes were also found to be positive. None of the patients in the control group were found to be positive for cyclin D1 mRNA. However, in extranodal lymphomas, epithelial cells, such as those in Patients 12 and 13 of the control group (Table 6) , strongly expressed cyclin D1 mRNA.
RT-PCR for the cyclin D1 transcript was performed in 23 specimens from 20 patients of the study group (excluded from the total number of 37 specimens were three bone marrow biopsies, eight lymph node specimens, and two extranodal specimens with inadequate material, as well as two specimens with degraded RNA [ Table 5 ]). RT-PCR was also performed in 16 patients of the control group (excluded from the total of 29 specimens were 12 paraffin-embedded bone marrow biopsies and one MZL case with inadequate material [ Table 6 ]).
The cyclin D1 product was present in 21 of 23 samples (92% positivity) in the study group (Fig.  3A) . However, 4 of these 23 specimens represented MCL in extranodal tissues where cyclin D1 is normally expressed (gastrointestinal mucosa and liver). Hence these four specimens were also considered to be noninformative, although positive. Thus RT-PCR was considered as informative for the cyclin D1 transcript in 19 specimens. Seventeen of these were positive for the cyclin D1 transcript, corresponding to 16 of 18 patients (89% positivity). PCR amplification for 35 cycles increased product yield but did not further increase the number of positive samples.
In the control group, two patients with MALT lymphoma were found to be positive for the cyclin D1 product after 30 cycles of PCR amplification; however, these samples contained gastric mucosa that normally expresses cyclin D1 and were hence considered to be noninformative. All informative CLL  BMB  ND  ND  ND  N  N  20  B-CLL  BMB  ND  ND  ND  N  N  21  MZL  BMB  ND  ND  ND  N  N  22  MZL  BMB  ND  ND  ND  N  N  23  MALT  BMB  ND  ND  ND  N  N  24  HCL  BMB  ND  ND  ND  N  N  25  HCL  BMB  ND  ND  ND  N  N  26  HCL  BMB  ND  ND  ND  N  N  27  Normal  BMB  ND  ND  ND  N  N  28  Normal  BMB  ND  ND  ND  N  N  29  Normal  BMB  ND  ND  ND  N  N B-CLL, B-cell chronic lymphocytic leukemia; BMB, bone marrow biopsy; HCL, hairy cell leukemia; IHC, immunohistochemistry; ISH, in situ hybridization; LBL, lymphoblastic lymphoma; LN, lymph node; MALT, MALT type lymphoma; MZL, marginal zone lymphoma; N, negative; ND, not done; P, positive; PCR, polymerase chain reaction; P(ni), patients positive for cyclin D1 but noninformative because of tissue elements normally expressing this gene; RT-PCR, reverse transcriptase-PCR.
a Nuclear staining in Ͼ50% of the neoplastic cell population.
patients (n ϭ 15) were negative for the cyclin D1 product under the same amplification conditions (Table 6 , Fig. 3C ). However, after 35 amplification cycles, a faint band was present in four informative patients, including two cases of B-CLL, one case of MZL, and one case of lymphoblastic lymphoma (Table 6 , Fig. 3D ). The specificity of the RT-PCR products was verified by sequencing of five randomly selected patients (three from the study group and two from the control group). IHC for cyclin D1 was performed in 35 specimens from 29 patients. Twenty (69%) patients exhibited positive nuclear staining for Cyclin D1 protein in more than 50% of the neoplastic population (Fig.  1C) . Nuclear staining for this antigen was not observed in any case of the control group. However, four patients in the control group (cases of MZL and B-CLL) exhibited cytoplasmic staining.
Nested PCR for the identification of t(11;14) was performed in 31 specimens (24 patients); the translocation was found in 14 (58%) patients, including two bone marrow biopsies (Fig. 4) . By contrast, only one patient in the control group (B-CLL) was found to be positive for t (11;14) . The specificity of the nested PCR products was confirmed by sequencing, which was performed in eight randomly selected patients.
DISCUSSION
MCL is a lymphoproliferative disorder derived from a subset of naive pregerminal center cells, which is characterized by a nodular or diffuse proliferation of atypical lymphoid cells with a monoclonal B-cell phenotype. Two types have been described: the centrocytoid and the blastoid. Cases of the blastoid type have a higher proliferative activity and a more aggressive clinical evolution (23) . MCL usually affects elderly men, who present with advanced disease and frequent extranodal involvement. The clinical evolution is relatively aggressive, with poor response to conventional therapeutic regimens and a median survival of 3 to 4 years. The identification of a typical MCL immunohistochemical profile, which includes CD20, CD45RA, and cyclin D1 positivity, has made diagnosis more accurate; however, IHC performed on paraffin sections is not always helpful in differentiating between MCL and low-grade B-cell lymphomas, mostly because of variable staining depending on fixation (16) . Therefore, molecular methods may be needed for definitive diagnosis.
The hallmark of MCL is t(11;14)(q13;q32), leading to overexpression of cyclin D1, which plays an important pathogenetic role in lymphomagenesis (9) . Cyclin D1 belongs to the family of D-type cyclin proteins, which function primarily by regulating the activity of certain protein kinases in the G1 phase of the cell cycle. Maximum expression of cyclin D1 occurs at a critical point in mid-to late G1 phase. Immunohistochemical positivity for cyclin D1 characterizes MCL but has also been found in small numbers of cases of other lymphoproliferative disorders, such as aggressive B-CLL, prolymphocytic leukemia, hairy cell leukemia, and plasma cell myeloma (14, 24 -26) . Cyclin D1 immunopositivity was demonstrated in 69% of our study group patients, whereas all specimens in the control group were found to be negative for this marker. This rate confirms previous studies that used monoclonal or polyclonal antibodies on paraffin-embedded lymph nodes and bone marrow biopsies, as well as frozen tissues with MCL (10, 14, (27) (28) (29) .
The aim of our study was to evaluate the usefulness of ISH and RT-PCR for cyclin D1 mRNA in the diagnosis of MCL. In line with the findings of other researchers (16), we showed that RT-PCR applied on paraffin-embedded tissues is a sensitive method for the demonstration of cyclin D1 mRNA, because 89% of our study group patients were found to be positive. A problem with the interpretation of the RT-PCR results is specificity. In this setting, specificity has two aspects: first, cyclin D1 expression by non-MCL neoplastic cells (16 -18) ; and second, cyclin D1 expression by normal cells included in any given tissue sample (30, 31) .
Semiquantitative PCR methods have been used to overcome the specificity burden of the first aspect (16 -18) . In our study, a semiquantitative approach was not deemed necessary because no cases of the non-MCL control group were considered positive under the stringent PCR conditions used. In fact, when we initially applied lower annealing temperatures (55°C) and higher cycle numbers (up to 40), more than 50% of the control group patients were positive for the cyclin D1 transcript (data not shown). However, this phenomenon is probably related to the supersensitivity of PCR after prolonged cycling under favorable conditions. Therefore, we think that the stringent PCR protocol used in this study provides an adequate means as far as diagnosis of MCL in lymph node material is concerned. Obviously, a further improvement would be to use real quantitative PCR protocols, such as those with real-time amplification; nevertheless, there are no such reports in the literature at present, whereas cut-off values for cyclin D1 mRNA levels diagnostic for MCL have still to be established.
The second aspect of specificity regarding cyclin D1 RT-PCR, as mentioned above, refers to falsepositive findings when extranodal tissues containing various types of epithelia are evaluated. It must be taken into consideration that PRAD-1/cyclin D1 is a normally expressed gene during the G1/S transition in the majority of cell types, including proliferating epithelia (30) and fibroblasts (31) . In contrast, cyclin D1 is not expressed in normal lymphoid tissues (16, 17, 30) and it does not seem to be necessary for cell cycle progression in normal lymphocytes, which instead use other cyclins (17, 31, 32) . Thus we suggest that RT-PCR for cyclin D1 expression should not be used in the diagnosis of extranodal MCL, unless the tissue specimen, from which RNA is extracted, is homogeneously composed of neoplastic cells. The presence of native tissue elements normally expressing cyclin D1 during proliferation, such as epithelia of the gastrointestinal tract, nasopharynx, or skin, should exclude the processing of these specimens for cyclin D1 expression evaluation by RT-PCR, either with or without quantitation. This problem may be overcome by careful laser-assisted microdissection of the target neoplastic cells; however, protocols involving microdissection of neoplastic lymphoid populations from paraffin-embedded tissues and subsequent quantitative RT-PCR are still under evaluation.
These problems of specificity arising during the interpretation of the RT-PCR results are adequately answered by ISH, which is of great value in assessing cell type specific cyclin D1 expression on paraffin-embedded tissues. The only previous study on cyclin D1 ISH performed on paraffin-embedded tissues is that of Williams et al. (20) , where all five cases of MCL were positive. In our study, ISH was performed in 33 samples from 28 patients; 24 (86%) were positive. ISH was applied successfully on all types of paraffin-embedded specimens, including bone marrow biopsies. Its sensitivity in the detection of MCL was superior to IHC (86% versus 69%). In comparison to the stringent RT-PCR protocol used, ISH missed only one case (Patient 13; Table  5 ), where the cyclin D1 transcript was detected by RT-PCR. The major advantage of ISH in comparison to the PCR method is in regard to specificitythat is, the ability to morphologically identify the cells that express cyclin D1. Thus cyclin D1 mRNA could be detected in MCL cells, as well as in normal cells in extranodal cases, but not in non-MCL cells. The lack of positivity in our control group probably reflects the relatively low amounts of this transcript reported in lymphomas other than MCL (16) . Clearly more studies are needed to confirm our data; nevertheless, at present, ISH seems to be a useful technique for the detection of cyclin D1 expression in MCL diagnosis. In addition, this method can be used to detect minimal residual disease in bone marrow biopsies.
In this study, we also used a nested PCR protocol to detect the presence of t(11;14)(q13;q32). Seventy percent to 80% of the breakpoints involved in this translocation are located in the major translocation cluster (29) . Breakpoints outside the major translocation cluster cannot be detected by PCR; this is why the reported incidence of t (11;14) , as demonstrated by PCR, is relatively low (i.e., in the range of 40%) (13) . In our material, the detection rate was 58%. However, this marker was fairly specific because only one patient (B-CLL) of the control group was also found to be positive. All patients positive for the t(11;14) were found to express cyclin D1, in accordance with the proposed implication for this translocation at the functional level.
We conclude that ISH and stringent RT-PCR for cyclin D1 mRNA are sensitive methods for the confirmation of MCL diagnosis. However, the application of RT-PCR bears certain restrictions, as mentioned above, whereas quantitative real-time protocols on microdissected tissues are on the way to being established. Therefore, we suggest that ISH, which provides the ability to correlate the molecular findings with morphology, should be the method of choice for the practicing pathologist to assess cyclin D1 expression in MCL diagnosis.
